Introduction
The issues on energy field can be solved not only with renewable energy applications but also by choosing the right equipment which uses conventional energy resources more efficiently. Right at this point, heat pump technologies come forward both with their renewable energy usage and efficient electric power consumption. Even if there are many alternatives such as air, soil or geothermal energy, the use of solar energy is a considerable interest because it leads to diminution of fossil fuel consumption and is a non-pollutant source of energy. A solar assisted heat pump system combines the heat pump technology and solar thermal energy application in mutual beneficial ways. While these combinations improve the coefficient of performance (COP) of the heat pump unit and reduce the combustion of fossil energy resource, the low temperature thermal requirements of a heat pump makes it an excellent match for the use of low temperature solar energy and adds the benefit of a smaller solar energy system.
As known, solar assisted heat pumps have two different types; direct and indirect expansion [1] . Several computer models and experimental studies for describing the performance characteristics of solar assisted heat pump systems have been proposed over literature about both direct and indirect expansion systems. Computer models were developed and experiments were carried out for direct expansion systems by Guoying et al. [2] , Kuang et al. [3] , Li et al. [4] , Huang and Chyng [5] , and Huang and Lee [6] . Experimental studies related -------------- to energy and exergy analysis for indirect systems were made by Kuang et al. [7] , Dikici and Akbulut [8] , Ozgener and Hepbasli [9, 10] , Anderson and Morrison [11] , Hepbasli and Akdemir [12] , and Badescu [13] . In order to improve the present understanding of the system dimensions and productive usage of solar energy, much more investigation still has to be done. As can be seen from the literature data, experimental studies focused more on indirect expansion systems, while simulation models focused on direct expansion systems. Therefore, in this study, solar assisted indirect expanded heat pump space heating system, using a refrigerant R410A, is simulated.
This study is concentrated on the simulation of the heat pump space heating system with a detailed solar energy process. Solar radiation values in the selected region are estimated with the simulation. The case study is applied and simulation results are given for Antalya, Turkey. Collector type and storage tank capacity effects on the consumed power of the compressor, COP of the heat pump and the overall system are estimated with the simulation program depending on the radiation data, collector surface area and the heating capacity of the space. Exergy analysis is also performed with the simulation and irreversibility, improvement potentials and exergy efficiencies of the heat pump and system components are estimated. Simulation results are also compared with available experimental data in the literature in order to present reliability of the model. The simulation allows the designer to change each design parameter of the system (zone, collector properties, storage tank capacity, heating load, system dimensions), and see the effects over the system before the installation. This characteristic of the study is a great advantage over the experimental studies hence allows the designer to test different system scenarios.
Energy and exergy analyses model
The schematic diagram of a solar assisted heat pump space heating system, using R410A as the working fluid, is shown in fig. 1 . As it can be seen from fig. 1 , evaporator draws energy from solar heated water and sends the working fluid to the compressor. The working fluid is compressed by the compressor and then enters to the condenser. On the condenser, the working fluid releases heat to the space heating water. Finally, the refrigerant is transported to the expansion valve and fed to the evaporator afterwards. In the analyses, steady-state, steady-flow processes are assumed and mass, energy and exergy balance equations are used to determine the heat input, the rate of irreversibility and the energy and exergy efficiencies [9, 14] . These equations are listed in tab. 1. The exergy efficiency is defined as the ratio of total exergy output to total exergy input where "out" stands S419 for "net output" or "product" or "desired value" or "benefit" and "in" refers to "given" or "used" or "fuel" [15] . The first law efficiency (COP) of the heat pump unit and the overall system can be defined in several different forms. These equations are given in tab. 2. The balance equations of mass, energy, and exergy for each component of the system are obtained by the equations given in tab. 1 and listed in tab. 3.
Several assumptions are made for the first and second law analyses of the system: -Steady-state and steady-flow with negligible potential and kinetic energy effects and no chemical reactions are accepted for all processes.
-
The directions of heat transfer to the system and work transfer from the system are given positive. -Since the lengths of pipelines connecting the components are assumed to be short, the pressure drops are negligible.
Solar energy modeling
The collected useful energy is transferred to the hot liquid storage tank and the evaporator of the heat pump is supplied with input thermal energy. Necessary equations for calculating the solar radiation, I T , are taken from Duffie and Beckman [16] . The total irradiance on a tilted surface under clear sky conditions is calculated by the equations depending upon R b which is the ratio of the instantaneous direct solar radiation on a tilted surface to the instantaneous direct solar radiation on a horizontal surface:
Solar collectors are modeled with the formulation as suggested by Duffie and Beckman [16] :
where Q u is the useful energy collected in system collectors, A c -the collector area, and the collector efficiency, η c , is: 
In this equation, T in is the collector inlet temperature and T o -the environment temperature. A water storage tank is placed after the solar collectors as shown in fig 
mixing within the tank is assumed. If the rate of heat addition and removal for a reasonable time period of ∆t are assumed to be constant, equations can be written for each time interval as suggested by Duffie and Beckman [16] :
In eq. (5) evap Q is the extracted energy from the storage tank in the evaporator, T sthe main storage temperature for the period, and m -the storage tank mass. (U.A) s is taken as 11.1 W/K as suggested by Duffie and Beckman [16] .
Simulation method
Simulation includes inputs and outputs. The inputs of the system include fan coil inlet and outlet water temperatures, compressor isentropic and mechanical-electrical efficiencies, mass flow rate circulating in the collectors and, latitude angle and altitude of the investigated region. The storage tank temperature, which is connected to storage tank mass, collector type and area, is calculated for hourly input from 08:00 to 18:00 for about 10 hours a day. Following assumptions were made in the simulation program: -The compressor isentropic and mechanical-electrical efficiencies (η elec-mech ) are assumed to be 75% and 76%, respectively. -The working fluid is considered to be saturated both at the exits of the condenser and the evaporator. -Expansion of the working fluid is considered to be isenthalpic. -Storage tank is assumed to be non-stratified. -The evaporation temperature is assumed to be 10 K less than the storage tank water temperature. -The fan-coil inlet and outlet water temperatures are taken to be constant at 50 °C and 40 °C, respectively. -The condensing temperature is assumed to be 15 K higher than the fan-coil return water temperature. -Flow rate circulating in the collectors are taken to be 0.135 m 3 /hm 2 collector area. Three types of collectors are considered in the simulation. Types of collectors with their characteristics are presented in tab. 4. This investigation covers the environmental and atmospheric circumstances of Antalya ( = 36.91 o N), Turkey. Solar insolation, I T , for Antalya is presented in tab. 5. The angle of incidence of the collector is taken as 50 o which is the optimum incidence angle for Antalya in winter. The outputs include the electric power consumed by the compressor, COP of the heat pump and overall system, irreversibility, improvement potential, and second law efficiencies of the system components.
Results and discussion
Simulation results are discussed in this section under design considerations which are presented above. In order to investigate the storage tank mass effect on the storage tank temperatures, electric consumption of compressor and heat pump COP, it is assumed that the collector area is 20 m 2 and the condenser capacity is 5 kW. Collector A is chosen as the collector type. Storage tank temperature changes according to storage tank mass for a day in January are shown in fig. 2(a) . There is a reverse order between the storage tank mass and the change of the storage tank temperature. This means that increasing the storage tank mass results in less change in the storage tank temperature. As a result, the smallest tank reaches maximum and minimum temperatures in comparison among the others during day time. It can be seen that the highest storage tank temperature at the end of the working hours is supplied at the highest storage tank mass.
The changes in the electric power consumed by the compressor and heat pump COP depending on storage tank capacity are given in figs. 2(b) and (c), respectively. Based upon the low electric power consumption and high COP values, storage tank with 500 kg mass is appeared to be suitable. Although, storage tank temperature decreased too much at the end of operating hours and this is an important disadvantage. In this case, storage tanks with 1000 kg and 1500 kg mass could be preferred since they almost have the same electric power consumption and COP. In order to keep thermal inertia of the storage tank until the end of operating hours, storage tank with 1500 kg capacity can be decided as a suitable choice for the application. In order to investigate the effects of collector type on the system performance, it is assumed that the collector area is 20 m 2 , the condensner capacity is 5 kW, and storage tank mass is 1500 kg. Changes in the collector efficiency for three types of collectors for a day in January are presented in fig. 3 (a) . Figures 3 (b) , (c), and (d) show that, when collector A that has high efficiency, is used, the storage tank temperature reaches a higher value, electric power consumption of the compressor decreases and heat pump COP increases. As known, exergy is the maximum work that can be produced from the given energy under ambient conditions. Due to the exergy is the optimal use of energy, exergy analysis is a useful method to establish for the design of operation of many industrial processes. In this concept, dynamic exergy analysis is also performed with the simulation and irreversibility, improvement potentials and exergy efficiencies of the heat pump and system components are estimated. As shown in fig. 4 , hourly exergy destructions of the system components for a day in January are estimated with the simulation program.
In addition to the dynamic analysis, exergy analyses depending upon the mean working parameters are also realized with the simulation. In this investigation, it is assumed that the collector area is 20 m 2 , the storage tank mass is 1500 kg and collector A is chosen as a collector type. The restricted dead state temperature and pressure are taken to be 9.5 °C and 100 kPa for both working fluids R410A and water which are the mean meteorological values in January. the values for thermodynamic parameters such as exergy efficiency, product/fuel values, utilized power, improvement potential and exergy destruction rates of each component, the heat pump unit and the overall system. According to the data given in fig. 5 , the exergy efficiencies on a product/fuel basis for the heat pump unit and the overall system are estimated as 82.62% and 69.85%, respectively, while the corresponding COP values are determined as 3.01 and 2.31. It is clear from fig. 4 and fig. 6 that the greatest irreversibility occurs in compressor and expansion valve for heat pump unit and solar collectors and fan coil unit for overall system. The equipment which have the high irreversibility values especially have to be improved since components of inferior performance considerably reduce overall performance of the system. As can be seen from fig. 6 , the component exergy losses of the system indicate that the greatest improvement potential is in the solar collector, followed by fan coil unit, evaporator, compressor, storage tank, condenser and expansion valve.
Obtained results have been compared with similar studies as shown in tab. 6, like those by Hepbasli [20] , Ozgener and Hepbasli [9] , Dikici and Akbulut [8] , Hepbasli and
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Akdemir [12] , Kuang et al. [7] , and Ozgener and Hepbasli [10] , by taking heat pump and system COP values, exergy destruction rates of system components and exergy efficiency into consideration. Since present study and other studies were performed at different conditions, the differences between the results are normal. Nevertheless, results of this study and other studies show the same behavior. It may be concluded that the heat pump and overall system COP values obtained from the simulation are fairly close to the experimental results. Beside this, exergy destruction rates of the system components estimated from simulation show similar trends in comparison with other experimental studies. As an example, the largest irreversibility occurs generally in the compressor followed by the condenser and evaporator as confirmed by Ozgener and Hepbasli [9] . Since R410A working fluid is used in this simulation, differences between the evaporator and condenser pressures are very high. As a result, the irreversibility of expansion valve is found to be higher than the other studies.
Conclusions
In this paper, solar assisted indirect expanded heat pump space heating system using a working fluid R410A is theoretically investigated with the simulation program. Predicted results are compared with experimental literature data, and it is shown that the simulation is able to estimate both energetic and exergetic parameters of the solar assisted heat pump space heating system with reasonable accuracy. In this case, it can be said that this simulation is reliable for determining the sizing and selection of system requirements such as collector type and area and storage tank mass. As known, the exergy analysis allows to evaluate the amount of exergy destroyed for each component of the system and determine which component weights more on the overall system inefficiency. Depending on the selected collector type and area, storage tank mass and condenser capacity, exergetic analysis can be applied on the system with the simulation program and exergy destruction rate, improvement potential and exergy efficiencies of the system components can be estimated. Before installation of the system, the equipment which have the high irreversibility values may be improved and so overall performance of the system can be increased. As a result, the simulation and results is a helpful guide to engineers for design of solar assisted heat pump systems. 
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